Since carotenoids are highly hydrophobic, air-and light-sensitive hydrocarbon compounds, 13 developing methods for increasing their bioavailability and stability towards irradiation and 14 reactive oxygen species is an important goal. Application of inclusion complexes of -host- 
absorption rate and bioavailability of the drugs. In this review we summarize the existing data 23
on preparation methods, analysis, and chemical reactivity of carotenoids in inclusion 24
complexes with cyclodextrin, arabinogalactan and glycyrrhizin. It was demonstrated that 25 incorporation of carotenoids into the -host‖ macromolecule results in significant changes in their 26 physical and chemical properties. In particular, polysaccharide complexes show enhanced 27 photostability of carotenoids in water solutions. A significant decrease in the reactivity towards 28 metal ions and reactive oxygen species in solution was also detected. 29
Introduction 53
Carotenoids are a class of hydrocarbon pigments widely found in nature. These essential 54 nutrients are synthesized by plants and microorganisms and exist in many foods including 55 vegetables, fruits, and fish. About 600 various carotenoids are known [Landrum, 2009] . showed minimal heat degradation after a two-hour heating at 70 °C in an aqueous environment, 103
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Simplify Handling -reduce volatility -convert oils/liquids to powders in contrast to that of unencapsulated carotenoid molecules which were almost completely 104 destroyed [Tachaprutinun et al., 2009] . 105
Most earlier studies involved the inclusion complexes of cyclodextrins (CD, Figure 3B ) that 106 were widely used as agents for transporting and conserving drugs [Polyakov et carotenoid-cyclodextrin complexes demonstrate enhanced storage stability [Yuan et al., 2013] , 109
an important problem with the use of CD complexes is their poor solubility. In reality, these 110 complexes form water dispersions, rather than solutions. According to the studies of Mele and 111 coauthors [Mele et al., 1998; , carotenoid-cyclodextrin complexes in water form large 112 aggregates with size of 100-200 nm. This results in weakly colored opalescent solutions 113 [Polyakov et al., 2004a] . The reduced color intensity significantly decreases the use of 114 carotenoids, in particular as food colorants. 115 Therefore, the search is being continued for complexing agents devoid of these 116 disadvantages. Recently the first example of water soluble complexes of β-carotene and some 117 other carotenoids with natural oligosaccharide and polysaccharide were reported [Polyakov et 118 al., 2006a; 2006b; 2013; Apanasenko et al., 2015] . One of the compounds that 119 appear to be promising is -glycyrrhizic acid (or glycyrrhizin, GA, Figure 3C ). GA belongs to 120 the triterpene glycosides and contains both hydrophilic (glucuronic acid) and hydrophobic 121 (glycyrrhetic acid) regions. GA is extracted from the licorice root (Glyzyrrhiza glabra L). 122 [Kornievskaya et al., 2007] . This compound is particularly 138 attractive for many reasons. The first reason is the unusually high stability of GA complexes 139 with various drugs [Maistrenko et al., 1994; Gusakov et al., 2001; Polyakov et al., 2005] . The 140 stability constants of GA complexes are in the range of 10 5 М -1 , which are two orders of 141 magnitude higher than the average stability constant for cyclodextrin complexes [Connors, 142 1996] . However, the most important reason was that the application of glycyrrhizic acid 143 together with other drugs strengthens their therapeutic efficiency by orders of magnitude and 144 exhibits reduced side effects [Tolstikova et al., 2009; . 145
The second -host molecule‖ is the natural polysaccharide arabinogalactan (AG, Figure 3A) , a 146 branched polymer with molecular mass of 13000-16000, consisting of arabinose and galactose 147 monosaccharides. It is 100-percent water-soluble and produces low-viscosity solutions. 148
Arabinogalactans are found in a variety of plants but are more abundant in the Larix genus, 149
primarily Western and Siberian Larch [Odonmazig et al., 1994; D'Adamo, 1996] . Larch 150 arabinogalactan is approved by the U.S. Food and Drug Administration (FDA) as an important 151 source of dietary fiber, and also has potential therapeutic benefits as an immune stimulating 152 agent and cancer protocol adjunct. The immune-enhancing herb echinacea also contains AG, as 153 do leeks, carrots, radishes, pears, wheat, red wine, and tomatoes. It is known that AG increases 154 the production of short-chain fatty acids, principally butyrate and proprionate, which are 155 essential for the health of the colon. AG also acts as a food supply for "friendly" bacteria, such as 156 bifidobacteria and lactobacillus, while eliminating "bad" bacteria. AG has a beneficial effect 157 upon the immune system as it increases the activity of natural killer cells and other immune 158 system components, thus helping the body to fight infection [D' Adamo, 1996] . 159
The increased aqueous solubility of a number of carotenoids will likely find utility in their 160 introduction into mammalian cell culture systems that have previously been dependent upon 161 liposomes, or toxic organic solvents, for the introduction of carotenoids into aqueous solution. 162
Also water-soluble carotenoid compositions display several technological applications that could 163 be used in food processing to enhance color and antioxidant capacity. They could also be used 164 for the production of therapeutic formulations given the better solubility and consequently higher 165 bioavailability. It is worth noting that progress in developing novel forms of medicines has been 166 related not only to a search for new active substances but also to regulating the effect of already 167 available preparations. From our opinion, preparation of inclusion complexes with natural 168 polysaccharides and oligosaccharides is one method for regulating this effect. 169
The present review summarizes the existing data on preparation methods, analysis, and 170 chemical reactivity of a number of natural and synthetic carotenoids with natural 171 oligosaccharides and polysaccharides, namely with cyclodextrins, glycyrrhizin and 172 arabinogalactan. We will focus our attention on the stability and reactivity of carotenoid 173 complexes in important electron transfer reactions with metal ions and quinones as well as in the 174 reactions with free radicals and reactive oxygen species. These processes have been previously 175 studied in detail in homogeneous solutions [Polyakov et al., 2001b; . 
UV-Vis absorption study. 260
CD complexes with a number of natural and synthetic carotenoids show a considerable 261 change in color compared to carotenoid solutions in organic solvents [Polyakov et al., 2004a] . 262
Highly water soluble HP--CD and HP--CD were used in the UV-Vis experiments. For 263 example, the -carotene CD complexes are opalescent pink-orange in aqueous solution. These 264 complexes have a broad absorption band up to 1100 nm with reduced intensity (about one order 265 of magnitude). We suggest that the broadening of the absorption band is due to the aggregation 266 of complexes in aqueous solution. Such aggregate formation was previously detected by light 267 scattering spectroscopy [Mele et al., 1998; . Aggregate formation was directly observed by 268 changes occurring in the UV-Vis spectra after mixing separately prepared solutions of CD in 269 H 2 O and carotenoid in ethanol [Polyakov et al., 2004a] . 270 271
EPR study of the scavenging ability of carotenoids towards peroxyl radicals. 272
Since the antioxidant activity is very important for the practical application of carotenoids, the 273 influence of complexation on the scavenging ability of carotenoids towards free radicals was 274 investigated in a number of physicochemical studies [Polyakov, et al., 2004a; 2006b The scavenging ability was measured as the relative scavenging rate of the carotenoid 284 (Car) to that of the spin trap (ST) rate [Polyakov et al., 2001a; 2001c] . These values were 285 determined from the concentration dependence of the spin adduct yield (A) by using equation 4. 286 The same technique was applied to study the scavenging ability of the CD inclusion complex 307 of V in water [Polyakov et al., 2004a] . In contrast with Figure 5A , no decrease in spin adduct 308 yield was observed for the CD complex of this carotenoid (see Figure 5B) . Moreover, one can 309 see the appearance of the pro-oxidant effect (increase of spin adduct yield) in the presence of the 310
carotenoid. It was suggested [Polyakov et al., 2004a ] that the absence of the antioxidant effect 311 (decrease in spin adduct yield ( Figure 5B ) is due to the protection of the radical sensitive site of 312 the carotenoid (cyclohexene ring) by CD. This result confirms our assignment that peroxyl 313 radicals attack mainly the cyclohexene ring of the carotenoid. The radical cation of carotenoid, Car + , was detected as a product of this reaction. In the 320 presence of excess of H 2 O 2 this reaction will results in a repetition of the redox cycle of the 321
Fenton process and result in additional free radicals (Scheme 1, pro-oxidant activity)). The role 322 of the Fenton-like processes in in vivo generation of toxic free radicals is now being widely 323 discussed [Timoshnikov et Glycyrrhizin inclusion complexes. 341
Preparation and analysis of GA complexes of carotenoids. 342
Glycyrrhizic acid (GA, Figure 3C ) is a unique natural compound of considerable interest to 343 pharmacologists not only due to its physiological activity, but also due to its ability to enhance 344 the activity of some drugs by non-covalent complex formation. A number of studies were 345 performed to investigate the structure of these complexes as well as the influence of GA on 346 containing 5% of water) with GA (mM) (adopted from [Polyakov et al., 2006a] , Fig. 3) . 372
373
The change in the properties of the GA solutions at the 1 mM concentration point has been 374 observed in several studies, and this effect was explained by the formation of GA micelles 375 
411
It has been demonstrated that the charged forms of carotenoids (cations and dications) do not 412 leave the complex after the reaction and are also stabilized. 413
Another example of the influence of GA on the reactivity of carotenoids is the electron 414 transfer from carotenoid to quinone [Polyakov et al., 2006a] . Quinones are known to be 415 important natural electron acceptors in photosynthetic centers [Lawlor, 1987] . Significant 416 stabilization of -carotene radical cation by binding with GA was detected in the presence of 417 quinone in a polar solvent (acetonitrile) [Polyakov et al., 2006a] . The product of the radical ion 418 pair (RIP) recombination is the quinone-carotenoid adduct, whereas the radical cations escaping 419 recombination result in the formation of cis-isomers. How will the increase in the lifetime of the 420 radical cation influence the yield of main reaction products? To elucidate this question, the yields 421 of the reaction products for two carotenoids (III, IV) were compared using HPLC method. As a 422 result, a substantial increase in the yield of the carotenoid-quinone adduct was observed for these 423 carotenoids in the presence of GA. This observation allowed us to conclude that GA can form 424 stable complexes not only with neutral molecules, but also with their radical ions and charge 425 transfer complexes. In the case of carotenoids, this leads to a change in both the reaction 426 direction and the ratio of products. The important point is also the possibility to control the 427 lifetime of radical cations by the formation of -host-guest‖ complexes. 428
On the other hand, radical cations of carotenoids are unstable in aqueous solutions due to fast 429 deprotonation and formation of neutral radicals [Gao et formation of a number of oxygenated products with reduced conjugated chains [Bailey, 1958] . 445
As one can see from these results, significant reduction of the oxidation rate was detected for all 446 systems under study. The most stable are the complexes with arabinogalactan. The stability of 447 GA and sGA complexes depends on the concentration of the -host‖ molecules. Significant 448 stabilization was detected for concentrations near 1 mM when GA exists mainly in the micellar 449 form. Earlier a similar effect was detected for the canthaxanthin-GA complex [Gluschenko et Antioxidant activity is known to be one of the most important biological properties of 455 carotenoids, because they react with toxic free radicals and thus prevent damage to living 456 organism [Tanumihardjo, 2013; Al-Agamey, et al., 2004] . From a practical point of view, it is 457 interesting to know how the complexation of carotenoids with glycyrrhizic acid will affect their 458 ability to scavenge free radicals. As it was stated above, complexes of carotenoids with 459 cyclodextrin is used to improve their solubility, and to increase bioavailability, however, it has 460 failed to improve their antioxidant properties. As it was shown [Polyakov et al., 2004a] , reaction 461 can be almost totally inhibited in homogeneous solution by cyclodextrin due to embedding the 462 cyclohexene fragment in the cyclodextrin cavity. 463
The antioxidant activity of carotenoids and their complexes with GA was studied by the EPR 464 spin-trapping technique as described in 2.3. Comparison of the scavenging rates of peroxyl 465 radicals by free carotenoids and their GA complexes in DMSO shows a strong dependence of the 466 rate constants on the concentration of GA (Table 2) . 467 Table 2 .
Relative rate constants of OOH radicals scavenging by carotenoids and their GA 468 complexes (k/k ST ) in DMSO. E 1/2 is the redox potential of carotenoids (in Volts vs. SCE) 469 [Polyakov et al., 2006b ]. 
472
Of importance is the absence of this dependence for zeaxanthin (II). Analyzing the oxidation 473 potentials of these three carotenoids (see Table 2 ) and the dependence of the carotenoids 474 scavenging rate [Polyakov et al., 2001a] on their E 1/2 , points out that GA can affect the oxidation 475 potential of the carotenoids. This hypothesis was verified by CV measurement of the oxidation 476 potential of two carotenoids II and III in the presence of GA. In both cases, an increase in Е 1/2 : 477 
488
Note also, that the rate constants of peroxyl radical scavenging by carotenoids (Table 2) proton to be exposed to the surroundings. We assume that at high concentration of GA, the 497 terminal groups also become partly protected from the reaction with free radicals. Note, that in 498 the case of the CD complexes, the terminal group of the carotenoid is completely protected 499 which results in the inhibition of any antioxidant activity. 500
Although there is no data on the GA micelle formation in non-aqueous solvents, some x-ray 501 data exist on the important role of H-bond interaction in the formation of liquid crystal like 502 structures in some organic solvents [Tykarska et al., 2012] . Also NMR relaxation measurements 503 show significant decrease of the nuclear relaxation time of GA protons in the presence of 504 hydrophobic molecules in organic solvents [Gluschenko et al., 2011 ]. As it was described in the 505 previous paragraph, the stability constant of the GA complex with canthaxanthin in DMSO 506 estimated from fluorescence measurements is about 10 4 M -1 at low GA concentrations and <10 2 507 M -1 at high concentrations. Below a GA concentration of 1 mM, the GA-carotenoid complex 508 stoichiometry was determined to be 2:1. 509
Glycyrrhizin complexes with xanthophyll carotenoids -prevention of aggregation. 510
Xanthophyll carotenoids can self-assemble in aqueous solution and even in lipid membrane to 511 form J-and H-type aggregates [Wang et al., 2012] . This feature significantly changes the photo-512 physical and optical properties of these carotenoids, and has an impact on solar energy 513 conversion and light induced oxidative damage. Molecular self-assembly in biological systems 514 attracts considerable attention, since it is important for the functioning of living organisms. It 515 was demonstrated by using EPR and optical absorption spectroscopy that complexation with GA 516 can reduce the aggregation ability of the xanthophyll carotenoids zeaxanthin, lutein, and 517 astaxanthin [Polyakov et al., 2013] . Figure 9 shows an example of the change in the absorption 518 spectrum of lutein in the presence of GA at 2.5 and 5 mM in a 25% ethanol solution. The 519 estimated stability constant of xanthophyll complex in this media is 1.7x10 7 M -2 . Increasing the 520 GA concentration shifts the equilibrium from the H-aggregate (λ max = 380 nm) to the monomer 521 (λ max = 460 nm). The large shift from 380 nm with the loss of vibrational structure of the S 2 522 excited state to 460 nm and the appearance of the vibrational bands indicates the presence of the 523 zeaxanthin monomers. From these experiments we can conclude that xanthophyll aggregation is 524 a reversible process, and complexation with GA prevents aggregation. 525 526 Fig. 9 . Optical absorption spectra of lutein (6 µM) in 25% ethanol/water mixture at different GA 527 concentrations (adopted from [Polyakov et al., 2013] ).
529
It was also found that the scavenging ability of xanthophyll carotenoids to trap hydroperoxyl 530 radicals decreases significantly in the presence of water in organic solvents due to aggregate 531 formation [Polyakov et al., 2013] , but increases in the presence of GA as complexation prevents 532 aggregation of the xanthophylls allowing the cyclohexene ring to be exposed to the 533 surroundings. Considering the important role of these carotenoids in eye and skin health, 534 glycyrrhizin should be considered as a perspective delivery system to provide enhanced 535 solubility and activity of the xanthophyll carotenoids. 536 537
Arabinogalactan inclusion complexes. 538
The stability and reactivity of carotenoids in complexes with the natural polysaccharide 539 
oxygen species. On the other hand, the yield and stability of carotenoid radical cations produced 544 on titanium dioxide nanoparticles were greatly increased in the solid state complex of 545 arabinogalactan. We suggest that these results are important for a variety of carotenoid 546 applications. 547 548
Preparation and analysis of inclusion complexes. 549
Since arabinogalactan is a water soluble polymer, the methods of complex preparation are 550 similar to those for cyclodextrin complexes. In the solid state method, solid carotenoid and the 551 requisite amounts of -host‖ compound were ground together until a homogeneous powder was 552 obtained. Typical mechanical reactions are achieved by co-grinding or milling the powder 553 materials. These preparations are usually carried out either manually, in an agate mortar, or 554 electromechanically, as in ball milling [Dushkin, 2010] . In all these cases the crystal lattice is 555 The carotenoid-arabinogalactan complexes maintain their original color and show 574 insignificant changes in absorption spectra. UV-Vis spectrum of aqueous solutions of the 575 canthaxanthin-AG complex has the same absorption maximum as that of the spectrum of the 576 canthaxanthin solution in 30% ethanol [Polyakov et al., 2009] . It was also found that 577
arabinogalactan prevents H-aggregate formation of xanthophyll carotenoids in the presence of 578 water in the same way as that for the glycyrrhizin complexes [Polyakov et al., 2013] . 579 580
Photostability of carotenoids and their AG complexes in a water solution. 581
One of the main problems with the practical application of carotenoids is their 582 photosensitivity and instability, especially in the presence of oxygen and water. The 583 photostability of drugs and vitamins attracts increasing attention since serious toxic reactions 584 produced by many pharmacologically important chemicals occur under sunlight irradiation 585 [Tonnesen, 2004] . Photoallergic and photomutagenic effects are also of current concern. 586 Photogenerated intermediates can interact with cell components and lead to cell degeneration or 587 death. Control of the drug photostability and protective strategies against light-induced 588 preparation damage requires understanding the structural and environmental factors determining 589 their photoreactivity. 590
Although carotenoids are known as effective photoprotectors of living cells, in aerated 591 aqueous solution they are unstable under light irradiation, and would be unacceptable as 592 colorants and antioxidants in foods. The reason for this is that the UV irradiation of carotenoid 593 solutions results in a decrease of the absorption intensity with formation of reaction products that 594 absorb light at a lower wavelength. This effect can be explained by a decrease in the length of 595 the conjugated chain due to the addition of oxygen to the double bonds. It is known that under 596 irradiation, carotenoids can form radical cations in various media by electron transfer to the 597 solvent molecules or to the appropriate electron acceptor. These radical cations can be reduced 598 by back electron transfer. However this reversible process is disrupted in the presence of water 599 molecules that act as a proton acceptor. It results in the formation of a carotenoid neutral radical 600 that is stabilized by the nearby proton acceptor, so a reversible electron transfer is prevented. 601
Earlier it was demonstrated that carotenoid neutral radicals are formed from the corresponding 602 radical cations generated electrochemically or photochemically by proton loss . 3). 616
617
We propose that the main mechanism of enhanced carotenoid stability in a polysaccharide 618 complex is isolation of the carotenoid from water by incorporation into the hydrophobic polymer 619 environment. Complete inhibition of carotenoid oxidation by ozone molecules was also detected 668 
